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In the past, it has been necessary to cut down woodpecker nesting trees in order to investigate the decay characteristics or the fungi species causing damage (e.g. Kilham 1971 , Conner et at 1976 . The holes excavated by woodpeckers are, however, important resources both for the excavators themselves and for secondary cavity users that exploit the holes as nesting or roosting sites (Thomas et at 1979) . A method that enables the researcher to observe the characteristics of a woodpecker nest tree, without cutting it down, has long been required. The aim of this study was to develop a practical and inexpensive method to measure the hardness of wood in standing trees, in the field.
METHODS
The concept behind the method was to measure the force required to deform wood tissue. I measured and recorded the torque (N•m) required to spin an increment borer, when it was screwed into a hole in wood. I used mass density (g/cm3, hereafter called density) as an index of wood hardness, because accurate measurement of wood hardness is a complicated procedure, while density is proportional to wood hardness (Asano 1982) . The tools used in the study were: 1) an analog torque wrench (KTC CMD0282, capacities ranging from zero to 28 N•m with a memory needle, costing about *40,000), 2) an increment borer (MATTSON, 30 cm long and 5.15 mm in core diameter, about * 40,000), 3) a socket and a hexagonal socket that connect the torque wrench and the borer (about *1,000), 4) a woodwork drill bit (9 mm in diameter and 200 mm long, about *1,500), and 5) a cordless electric drill (RYOBI BDM-960, about *40,000). Instead of using an electric drill and drill bit, it is also possible to drill holes manually using a ring auger (9 mm in diameter and 210 mm in twist length, about *1,400).
Measuring Procedure 1. Drill a 9 mm diameter hole into wood, such that the cutting edge of the bit and the stem of the increment borer do not touch the walls of the hole when the borer is turned. The depth of the hole depends on the purpose of the study.
2. Mark the borer stem every 1 cm with a felt-tip pen to indicate the depth of the borer in the wood. 3. Screw the borer into the hole to a measurement point.
4. Connect the torque wrench to the borer with the sockets, spin the borer, and measure the torque when the borer begins to spin. Torque is recorded every 0.49 N•m units. [ Jpn. J. Ornithol. Vol.49 No.3 5. Repeat steps 3 and 4 to continue measurement.
Importantly, because the action of the borer irreversibly deforms the wood, measurements should be taken from the outside to the inside.
Six experimental wood blocks, combined with six or seven pieces of wood, were prepared. These were knot-free balsa and conifer woods with different densities. These blocks were used to determine the apparent point on the borer bit that was to be used as the origin of the hardness measurement. Four, or five, measurement sets were taken from each block. Two Further blocks were made from the trunks of live Prunus sargentii and Quercus mongolica trees used as nesting sites by Great Spotted Woodpeckers Dendrocopos major. The trees examined were infected by a heart rot fungus. From these two blocks, two and three measurement sets were made, respectively, and the data sets for each individual tree species were then combined. The two tree species (P. sargentii and Q. mongolica) have different specific gravities (0.58 and 0.64 calculated from oven-dry weight, respectively) and Brinell hardness (4.0 and 3.5 kg/mm2 measured on the cross surface, respectively) (Kishima et al. 1962) . Wood pieces were measured before drying and the dried pieces were weighed in order to calculate their density. For each experimental wood block, I calculated the density based on the size and air-dry weight of whole pieces. For the nesting tree samples, small wood pieces were cut out 5 mm apart from the wall of the drilled hole. They were approximately 1 cm wide x 1 cm high x 2 cm deep and the midpoint of width lay on the same straight line with the apparent measuring point (MP, see below). Their densities were calculated using the sizes measured by a vernier caliper and the values for oven-dry weight dried at 105* for more than 11 days.
RESULTS
A provisional origin, on the midpoint of the projection of the borer, was set up to function as an apparent measurement point (PP in Fig. 1 ), because the deformation force would work at the maximal diameter of the bit. While the torque measured at different depths showed the same pattern, in terms of changes in density of all experimental wood blocks, they differed in the po- sitions of peaks and troughs (Fig. 2 shows an example). By moving the torque data set back and forth on the graph until the data matched that of density, it was then possible to calculate Spearman's rank correlation coefficients for every possible data set. The coefficient values were maximized when the torque data set was moved 1 cm forward (24 of 25 data sets), indicating that the apparent measurement point (MP in Fig. 1 ) is 1 cm before the provisional origin (PP).
Since the apparent measurement point is not on the largest part of the bit, some of the force to deform wood tissue may be produced at the thickest part of the bit. Therefore, measurements of hardness should begin from the moment at which the borer is inserted into the wood to the PP point, thus it is only possible to obtain torque data from a depth of 1 cm.
If the torque data sets were moved 1 cm forward in Fig. 2 Both torque and density of the wood cut from two woodpecker nest trees were measured, and the relationships between density and torque were analyzed. The two regression coefficients for the two data sets were statistically significant (p<0.01), and 91.9% and 90.1% of the variation of the density could be explained by the variation of torque. Homogeneity, between the two regression coefficients and between the two Y-intercepts, was tested in order to ascertain whether the two groups were sampled from the same populations of equal slopes and intercepts or not. Because the results showed that the two parameters did not [J pn. J.Ornithol. V ol.49 No.3 Fig . 3 . The relationships between the mass density of small wood pieces and torque recorded from Quercus mongolica and Prunus sargentii used as woodpecker nest trees. The regressions for the two nest tree were regarded as having been sampled from the same populations of equal slopes and intercepts, and were thus merged.
differ significantly (p >0.05, respectively), the two equations were merged (Fig. 3) , and the common equation was expressed as D=0.0237 XTQ+0.1672 where D is density (g/cm3) and TQ is torque (N•m). The common regression coefficient was statistically significant (p<0.01), and 90.7% of the variation of the density could be explained by the variation in torque.
DISCUSSION
In this study, the measurements of densities for woodpecker nesting trees did not come from the exact point at which torque was measured, but from the immediately adjacent parts. The results still showed a strong relationship between torque and density (Fig. 3) . This means that the torque measured is a good estimate of the density of wood near the measurement point, and thus of the hardness of the wood. Resistograph®. An increment borer, for example, cannot sample wood cores correctly from decaying trees, and the Shigo-meter® cannot measure electrical resistance correctly when sap flows from the trunk. The method described by Schepps et al. (1999) is somewhat similar to the method described above, but they measured the accumulated torque required to screw a lag bolt into wood, thus the wood's hardness at any particular point was unknown.
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